Disrupting signaling axes that are essential for tumor metastasis may provide therapeutic opportunity to cure cancer. We previously identified adenylate 
Introduction
Non-small cell lung cancer (NSCLC) remains the leading cause of cancer-related death around the world, mainly due to high metastatic rate (1) .
Recently, metabolic reprogramming has been considered as an important feature that drives the malignant progression of tumor (2) . In metastatic cancer cells, energy metabolism is altered due to the constant exposure to oxidative stress and chronically depleted oxygen and nutrients. To fulfill biosynthetic and redox requirements, cancer cells consume glucose and secrete lactate even when oxygen is available, a phenomenon known as aerobic glycolysis or "Warburg effect" (3) . Hypoxia-inducible factor-1α (HIF-1α) is a key transcription factor in response to hypoxic stress. HIF-1α transcribes genes involved in the process of glycolysis, angiogenesis and cancer metastasis (4, 5) . During metabolic stress, AMP-activated protein kinase (AMPK) is activated by sensing a decrease in the ratio of ATP to AMP, leading to the inhibition of ATP-consuming metabolic pathways and activates the energy-producing pathways (6) . In addition, adenylate kinases (AKs), which are the abundant nucleotide phosphotransferases, catalyzing the generation of 2 molecules of ADP by transferring phosphate group from 1 molecule of ATP or GTP to AMP.
The main role of AKs is to balance cellular adenine nucleotide composition to maintain energy homeostasis (7) . However, the link between energy homeostasis and cancer progression has not been clearly elucidated.
Adenylate kinase 4 (AK4) is localized in mitochondrial matrix (8) and has been shown to physically bind to mitochondrial ADP/ATP translocase (ANT) as a stress-responsive protein to maintain cell survival (9) . Moreover, several genomic and proteomic studies have shown AK4 expression fluctuates under cellular stress conditions (10) (11) (12) (13) . Significantly increased AK4 protein levels have been detected during development, in cultured cells exposed to hypoxia, and in an animal model of amyotrophic lateral sclerosis (9, (14) (15) (16) . Moreover, Lanning et al. showed that silencing of AK4 elevates cellular ATP level up to 25% and concurrently increases ADP/ATP ratio, which activates AMPK signalling (17) . Previously, we identified AK4 as a lung cancer progression marker by assessing the correlation between AK4 levels and clinicopathological features (18) . However, how AK4-iduced metabolic changes may affect cancer progression remains unclear.
Here we aimed to investigate the impact of AK4 expression on metabolic genes through analyzing lung cancer microarray datasets and decipher the functional consequences on lung cancer metastasis. We identified HIF-1α activity was significantly activated in AK4 metabolic gene signature in lung adenocarcinoma patients. Overexpression of AK4 shifts metabolism towards aerobic glycolysis and increases the levels of intracellular reactive oxygen species (ROS), which subsequently stabilizes HIF-1α protein and promotes epithelial-to-mesenchymal transition (EMT) of lung cancer cells in a HIF-1α-dependent manner. These findings represent a novel vicious cycle between AK4 and HIF-1α in response to hypoxic stress during lung cancer progression and highlighting the therapeutic opportunity of targeting AK4-HIF-1α axis in NSCLC. 
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Materials and Methods
Specimens
Tissue microarray and immunohistochemical staining
Representative cores (1-mm-diameter) from each tumor sample were selected by matching histology from original hematoxylin and eosin (H&E)-stained slides and the histopathologic diagnosis of all samples were reviewed and confirmed by pathologists. IHC staining was performed using an automated immunostainer (Ventana Discovery XT autostainer, Ventana, USA) with 30-minute antigen retrieval procedure of heat-induced TRIS-EDTA buffer.
Protein expressions were developed using 3, 3'-diaminobenzidine (DAB) peroxidase substrate kit (Ventana, USA).
The following antibodies were used to detect AK4, HIF-1α, and E-cadherin protein expressions: AK4
(Genetex, 1:200), HIF-1α (Cell signaling, 1:100), and E-cadherin (Cell signaling, 1:100).
Histology and IHC staining interpretation
The IHC staining results were assessed and scored independently by two pathologists who were blinded to patient's clinical outcomes. Consensus decision was made when there was an inter-observer discrepancy. 
Microarray data analysis
The raw intensities from AK4 overexpression CL1-0 cells (GSE37930) and lung adenocarcinoma patient datasets (GSE31210) were normalized by robust multi-chip analysis (RMA) using GeneSpring GX11 (Agilent Technologies In practice, Z-score more than 2 or less than -2 can be considered significant activation or inhibition, respectively.
Cell lines
Human lung adenocarcinoma cell lines, H1355, PC9, H358, H928, CL1-0 cells. Cells were then selected in 5 µg/mL of blasticidin.
Western blot analysis
The following antibodies were used in western blot analysis: anti-AK4 
Cycloheximide assay
Cells were plated in 6-well plates and treated with cycloheximide (CHX) at a concentration of 50 µg/mL for 24 hours. Cells were then exposed to hypoxia for 6 hours to stabilize HIF-1α protein and then switched to normoxic condition.
Protein lysates were harvested at 20-minute intervals in normoxic condition.
ATP measurement
Cells were grown in 6-well plate overnight and the medium was refreshed with complete medium. After 24 hours, cells pellet was collected and the amount of ATP was quantified using ATP Colorimetric Assay kit (Biovision)
according to manufacturer's protocol.
Glucose consumption assay
Cells were grown in 6-well plate overnight and the medium was refreshed with complete medium. After 24 hours, spent medium was collected and the amount of glucose was quantified using Glucose Colorimetric Assay kit (Biovision) according to manufacturer's protocol.
Lactate production assay
Cells were grown in 6-well plate overnight and the medium was refreshed with complete medium. After 24 hours, spent medium was collected and the amount of lactate was quantified using Lactate Colorimetric Assay kit (Biovision) according to manufacturer's protocol.
ROS measurement
ROS was quantified using CellROX Deep Red Reagent (Invitrogen).
Briefly, cells were seeded in 96-well (2,000 cells/well) and were washed with PBS. Cells were then incubated with 5 µM of CellROX for 30 minutes at 37 ℃ and stained with DAPI. Intracellular ROS was measured using fluorescent plate reader with absorption/emission wavelength of ~644/665 nm.
Invasion assay
Polycarbonate All experiments were performed in quadruplicate.
Animal studies
All animal experiments were conducted according to protocols approved by the Academia Sinica Institutional Animal Care and Unitization Committee. H&E staining was performed to confirm the histology of metastatic nodules.
Statistical analysis
Statistics analysis was performed on SPSS 17.0 software (SPSS, USA). (Fig. 1A) .
Next, we subjected AK4 metabolic gene signature to gene set enrichment analysis (GSEA). Interestingly, GSEA results showed that gene sets categorized in hypoxia response, HIF1A targets, glucose metabolism, and lung cancer prognostic genes were significantly enriched in AK4 metabolic gene signature (Fig. 1B) . Furthermore, Ingenuity upstream regulator analysis showed HIF-1α was ranked as the top-one activated transcription factor with an activation Z-score of 4.3 ( Figure 1C , left). The heatmap revealed both direct and indirect HIF-1α-regulated genes that were positively or negatively correlated with AK4 expression (Fig. 1C, right) . Kaplan-Meier survival analysis showed that patients with high expression of AK4-HIF-1α signature were significantly associated with worse overall and relapse-free survival compared to patients with low level of AK4-HIF-1α signature (Fig. 1D) . Meanwhile, we also identified the consensus AK4 metabolic gene signature between GSE31210 lung adenocarcinoma dataset and TCGA LUAD dataset and found HIF-1α was also significantly activated with an activation Z-score of 4.098
( Supplementary Fig. S1A and B).
Combination of AK4 and HIF-1α expression predicts worse prognosis compared to HIF-1 α alone in NSCLC patients
To validate the correlation between AK4 and HIF-1α in clinical specimens,
we assessed their expression in 113 NSCLC patients by immunohistochemistry (IHC). Figure 2A 
AK4 exaggerates HIF-1α protein in hypoxia and induces EMT
Next, we detected endogenous protein expression of AK4 and HIF-1α in 17 human NSCLC cell lines and found CL1-5, H441, H157, and CL1-3 cells expressed high levels of HIF-1α in normoxic condition (95% air, 5% CO2) and those cells also expressed with high levels of AK4 (Fig. 3A, upper) . Correlation analysis showed a significant positive correlation between AK4 and HIF-1α (Fig. 3A, bottom) . To assess the interaction between AK4 and HIF-1α, we knocked down endogenous AK4 expression using two AK4 shRNA (shAK4) clones in CL1-5. Interestingly, knockdown of AK4 suppressed HIF-1α with concurrent upregulation of E-cadherin and downregulation of vimentin (Fig. 3B,   left) . In a cell model of TGF-β-induced EMT, we found knockdown of AK4
partially hampered TGF-β-induced EMT with concurrent upregulation of phosphorylated AMPK at Thr172 (Fig. 3B, right) . On the other hand, we overexpressed AK4 in CL1-0 cells and H1355 cells and exposed to hypoxic conditions (1% O2, 5% CO2, 94% N2) with different period of time. Western blot analysis showed that HIF-1α was upregulated earlier and to a higher degree in AK4-overexpressing cells compared to vector-expressing cells and concurrently induced EMT in CL1-0 and H1355 (Fig. 3C) . We next investigated how AK4 regulates HIF-1α protein in CL1-0 cells. RT-PCR analysis showed that AK4 along with several HIF-1α downstream targets including VEGF, GLUT1, and HK2 were induced upon hypoxia. However, HIF-1α mRNA was not affected by AK4 overexpression (Fig. 3D) . Therefore, we hypothesized the elevation of HIF-1α may be derived from translational control and/or post-translational regulation. We treated vector-and AK4-overexpressing CL1-0 cells with proteasome inhibitor MG-132 to block the protein degradation and detected HIF-1α protein under normoxia and hypoxia and found the effect of AK4 overexpression on HIF-1α protein elevation was diminished when proteasome was inhibited (Fig. 3E) . To test whether the enhancement of HIF-1α by AK4 is through protein stabilization, we exposed the vector-and AK4-overexpressing CL1-0 cells to hypoxia to induce HIF-1α protein and then treated the cells with cycloheximide (CHX) to block de novo protein synthesis and assessed HIF-1α protein levels at 20 minutes interval under normoxic condition. We found that the HIF-1α protein was significantly stabilized in the AK4-overexpressing cells compared to the vector control cells (Fig. 3F) .
Moreover, we also found that the AK4-overexpressing cells had less hydroylated HIF-1α indicating the prolyl hydroxylase (PHD) activity is lower in the AK4-overexpressing cells (Fig. 3G) . Moreover, overexpression of AK4 promoted invasion activity of CL1-0 and H1355 cells under hypoxia ( Fig. 3H and I). To test whether HIF-1α played a critical role in AK4-induced EMT and invasion activity, we inhibited HIF-1α expression by shRNA in in AK4-overexpressing and vector-expressing CL1-0 cells. Knockdown of HIF1A in AK4-overexpressing cells partially suppressed EMT and suppressed AK4-induced invasion activity under hypoxia ( Supplementary Fig S2A and B) .
AK4 elevates intracellular ROS and promotes aerobic glycolysis
To decipher the possible metabolic pathways affected by AK4, GSEA was used to analyze GSE37930 microarray data of differentially expressed genes (Fig. 4A) . Notably, upregulation of AK4 was significantly correlated with genes in glycolysis_gluconeogenesis metabolism and glutathione metabolism ( Fig. 4B; Supplementary Fig. S3A and B). These data prompted us to investigate the effect of AK4 overexpression on glycolysis and oxidative stress. By measuring levels of ATP, glucose and lactate, we found that overexpression of AK resulted in increased ATP and glucose consumption and increased lactate production (Fig. 4C) . Moreover, overexpression of AK4 significantly decreased ADP/ATP ratio compared to control upon hypoxia (Fig. 4D) . To quantify ROS levels within the cell, we used CellROX deep red to probe intracellular ROS levels in AK4-expressing and vector-expressing CL1-0 cells. The result showed overexpression of AK4 increased ROS levels to 1.67 fold compared to control (Fig. 4E) . Furthermore, antioxidant N-acetyl-cysteine (NAC) treatment abolished AK4-induced stabilization of HIF-1α and invasion under hypoxia ( Fig. 4F and G) . On the other hands, knockdown of AK4 in CL1-5 cells reduced ROS levels nearly 20 percent compared to shNS control (Fig. 4H) . NAC treatment in CL1-5 cells not only decreased HIF-1α and AK4 protein in a time-dependent fashion but also inhibited its invasion activity ( Fig. 4I and J).
AK4 reduces hypoxic necrosis and promotes metastasis in vivo
We next investigated the effects of AK4 overexpression on tumorigenecity and metastasis in vivo. CL1-0 vector-and AK-expressing cells were subcutaneously injected in NSG mice. Four weeks post-injection, there was no significant differences in terms of tumor volume between CL1-0 Vec tumors and CL1-0 AK4 tumors (Fig. 5A) . However, by examining H&E staining, we surprisingly found the necrotic tumor area was dramatically reduced in CL1-0 AK4 tumors compared to CL1-0 Vec tumors (Fig. 5B) . We further performed IHC analysis of serial sections from CL1-0 AK4 and CL1-0 Vec xenograft tumors and revealed a strong positive correlation between AK4 expression and nuclear HIF-1α and a negative correlation between AK4 and E-cadherin in vivo (Fig. 5C ). To further determine the effect of AK4 overexpression on metastasis, we injected AK4-expressing and vector-expressing CL1-0 cells into left lung of NSG mice. Four weeks post-injection, we found overexpression of AK4 significantly promoted CL1-0 cells to metastasize to liver (Fig. 5D) .
Quantification of the metastatic nodules using H&E staining and histological examination confirmed the number of nodules in liver was significantly increased in the mice carrying AK4-overexpressing tumors compared to vector-expressing tumor (Fig. 5E ).
Identification of novel drug candidates for metastatic lung cancer through querying pharmacogenomics profiles of AK4 gene signature
To identify drug candidates that could inverse AK4 gene expression profiles as therapeutic strategy to inhibit lung cancer metastasis, we queried connectivity map using differentially expressed genes upon AK4 overexpression in CL1-0 and identified six structurally similar candidate drugs that showed the best enrichment scores including Proscillaridin, Ouabain, Digitoxigenin, Digoxin, Withaferin-A, and Lanatoside-C (Fig. 6A) . We then conducted MTT cell viability assays after exposure to the drugs in culture and confirmed IC 50 Fig. 6D and E) . In mice received WFA at 4.0 mg/kg, the data showed promising therapeutic effect of suppressing both primary and metastatic tumors ( Fig. 6D and E) . Similar anti-metastatic effect of WFA was also observed in treating A549 orthotopic lung cancer model as mice received WFA at 1.0 mg/kg displayed significant inhibition of liver metastasis while mice received WFA at 4.0 mg/kg showed the lowest lung tumor burden with no sign of distal metastasis ( Supplementary   Fig. S5A-S5C ). Taken together, our data suggest AK4-HIF-1α signaling axis is a potential therapeutic target of lung cancer metastasis and WFA might be a potential compound for further development to treat metastastic lung cancer (Fig. 6F ).
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Discussion
Dysregulation of HIF is increasingly recognized as a critical step during cancer progression (19) . Deletion of Hif1a has been reported to markedly impair metastasis in mouse mammary tumor virus (MMTV) promoter-driven polyoma middle T antigen mouse model of breast cancer (20) . In orthotopic xenograft model of lung cancer, HIF-1α antagonist PX-478 effectively inhibits tumor progression (21) . Here we identified a novel signaling axis whereby enhanced expression of AK4 exaggerates HIF-1α protein expression, leading to EMT induction in lung cancer. Previous studies have shown that AK4 is one of the hypoxia responsive genes and AK4 is also a transcriptional target of HIF-1α (22) (23) (24) (25) . Surprisingly, we found the presence of AK4 can regulate exert feedback regulation of HIF-1α and this AK4-HIF-1α positive feedback loop is operative through the elevation of intracellular ROS which stabilizes HIF-1α protein and induces EMT.
In lung cancer, both small cell and non-small cell lung cancers express high levels of HIF-1α but its role as a prognostic factor remains controversial.
HIF-1α expression has been reported as a poor prognosis marker in several studies (26-29). However, some studies reported inconsistent results showing that the predictive power of HIF-1α as prognosis marker is only marginal (30) (31) (32) . In our study, patients with high levels of HIF-1α showed the trend towards poor prognosis compared to those with low levels of HIF-1α.
Furthermore, we found combination of AK4 and HIF-1α status could significantly augment the prognostic power compared to HIF-1α alone (Fig.   2C ). Taken together, our results suggest AK4 may serve as a critical factor for dictating the prognostic power of HIF-1α in lung cancer patients.
It is widely known that the regulation of HIF-1α by is mainly at the level of protein stability. In normoxic condition, HIF-1α is hydroxylated at two conserved proline residues (P402 and P577) by a family of HIF prolyl hydroxylase enzymes, including PHD1, PHD2 and PHD3. Hydroxylated HIF-1α is then polyubiquitinated by E3 ubiquitin ligase leading to proteosomal degradation. In hypoxia, hydroxylation does not occur due to the lack of substrate oxygen for PHDs. Moreover, ROS have been reported to inhibit the activity of PHDs (33) (34) (35) (36) . In our study, overexpression of AK4 reduced HIF-1α hydroxylation in the presence of MG132, suggesting that AK4 may stabilize 
